disease assessment is an important aspect of gauging how effective these are. Indeed, breeding for host resistance, monitoring epidemics to gauge the efficacy of cultural techniques, including the use of windbreaks and host architecture, and the use of various chemical protectants all require disease assessment to measure treatment effects (14, 14, 28, 37) . Disease assessment often involves rating the incidence of infection (number of units infected), but it also involves rating disease severity (amount of disease, 26) . Good-quality disease assessment data is needed to make decisions in disease management, and has been described elsewhere (4, 24, 26, 33) .
Citrus canker lesions change as they age, and vary in details of size, color, and character, depending on the host (8, 23, 36) . Initially, a small water-soaked pin-pricksized lesion develops at the site of infection, which expands in size (3 to 5 mm), developing a chlorotic halo and eventually a raised, necrotic center, which senesces, resulting in a patch of dead tissue on the leaf surface. There are various measures for assessing how severe these symptoms are, which include counting the number of lesions per unit or estimating the area infected, both of which can be useful measures in studying aspects of the disease. Some studies of plant disease symptoms have considered the relationship between lesion number and lesion area (6, 7, 29, 38) . How the different components of citrus canker symptom types relate to each other, and how they might influence estimation of area, including aspects that change during symptom development, are only partially understood (5, 6) .
Rater ability has been established as error-prone in many pathosystems (1, 15, 29, 34, 35, 38) , including citrus canker assessment (3, 5, 6) . Disease assessments may be made directly and unaided, or with the aid of standard area diagrams or different kinds of training prior to assessment (3) . Training and the use of assessment aids were shown to reduce error in most cases (28, 31, 35) . However, knowledge of the ability to assess disease directly (without the aid of standard area diagrams or training) is of value, as this baseline information on rater ability is a measure of the magnitude and location or cause of the error, thus providing a benchmark for gauging the value of training or the use of standard area diagrams for assessment (3, 28, 29, 31, 35) . It also provides a basis for comparing automated systems such as image analysis or reflectance radiometry in relation to the spectrum of ability of raters (5, 34) .
Various definitions and concepts are used to discern the quality of estimates in measurement science and plant pathology (26, 32) . We use terms and concepts sensu Madden et al. (26) . Among raters, the inter-and intrarater reliability (ability of raters to achieve the same result) describes variability associated with the estimates, while the agreement (or accuracy) of the estimates describes how close they are to a known true, actual, or "golden standard" value. The range of ability among individuals in assessing disease is reflected in the reliability of the estimates. The characteristics of agreement of an estimate with the true value involve elements of preci-sion and accuracy. Agreement is known to depend not only on individual ability, assessment aids, or training (28, 31, 35) , but also on facets of the disease symptoms themselves, such as lesion number and size relative to area infected (6, 29, 38) . If sources of error were ubiquitous or constant among raters, then it would be possible to apply a calibration procedure to account for the error. Unfortunately, this is not the case, and although calibration of error may sometimes be possible at individual levels (37) , it is probably impractical for many cases. Other more global cures for rater error have been attempted. The Horsfall-Barratt scale (18) (19) (20) was developed to account for a perceived (but not empirically demonstrated) source of error in disease estimation, claiming that ability to estimate disease was logarithmically related to true disease. The assumption that the estimate is related to the logarithm of the true disease has been questioned (17, (29) (30) (31) , and most studies now demonstrate that a direct linear relationship exists between true and estimated disease (5, 6, (29) (30) (31) .
However, the ability to directly estimate disease might have a nonconstant relationship as true disease severity increasesthat is to say the variance, or error of estimation, might be greater at certain severities than at others (6, 10, 11, 15) . However, at least one study has found that magnitude of true disease per se did not influence the error of the estimate (29) . Nonconstancy of error that appears to accompany true disease remains poorly characterized in disease assessment studies, and if these data are sometimes heteroscedastic, the reasons should be understood to facilitate improvement of disease assessment. In addition, nonconstancy of error may make certain assumptions and analyses inappropriate. Some raters have a tendency to estimate disease severity in "knots"-a preference for certain numbers (5, 15, 22, 35) . If this is the case, then it suggests the percent scale is not applied as a truly continuous scale during direct estimation (it starts to take on characteristics of a categorical scale). Disease rating on a continuous scale should not be characterized by preferred values if estimates are to be in agreement with true values.
Although variance of the estimate (and therefore the standard deviation and error) might increase with magnitude of true disease, the ability to estimate disease at low levels of severity is also flawed (4,7). The absolute and relative errors can be useful in providing insight into the magnitude of error at different true disease severities, and how this influences the accuracy at particular true severities. An absolute error of 2% is different at 35% compared to 3% true disease; while the former is a relative error of 5.7%, the latter is a relative error of 66.7%, resulting in a relatively less accurate estimate of the true disease. Apart from gaining insight into the error that exists in disease assessment, it also provides information that can be used to improve assessment over the spectrum of disease severity.
There is little data available from the science of psychophysics for us to extrapolate to disease assessment, and most studies in psychophysics have dealt with perception of stimuli other than the percent area, including brightness, weight, etc.; and although some of these are quite well characterized (2, 9, 39, 40) , area estimation is not (2, 16, 30) . However, various factors have been demonstrated to influence the estimate, including lesion number. With leaf spotting diseases, there is a tendency to overestimate area at high lesion counts, and disease overestimation is particularly apparent at low disease severity (1, 6, 29, 38) .
Only a few studies in a handful of pathosystems have assessed characteristics of disease assessment by large, diverse groups of raters and the characteristics of the errors identified and described. Ability of assessors is variable and may change from one assessment to the next (5, 28, 29, 31, 34, 35) . Some factors, such as training, do improve rater ability (31, 35) or the amount of time taken to perform the assessment (35) . To address some of these issues in the assessment of citrus canker, both experienced and inexperienced raters (career plant pathologists and surveyors from the CCEP) were asked to rate the severity of familiar symptoms of citrus canker. The objectives of the study were (i) to gauge how well experienced and inexperienced raters assessed different symptoms of citrus canker, (ii) to test whether this ability among raters related to various other factors including CCEP canker identification test score ratings, time taken to perform assessments, etc., (iii) to determine whether symptom type influenced quality of assessments among raters or rater groups, (iv) to identify common tendencies causing error among raters of citrus canker, (v) to assess how variance of the estimates changes with true disease severity for various symptoms and how well mean values reflect true disease, and (vi) to describe how absolute error and relative error change with true disease as severity of citrus canker increases.
MATERIALS AND METHODS
Leaves and leaf images. The leaves were collected from infected grapefruit trees in south Florida. All leaves were from plants collected by survey crews of the CCEP in 2005. Leaves were diseased at naturally occurring severity. The leaves were sampled arbitrarily from the bags of samples collected by the CCEP, including a few disease-free leaves. Leaves that had leaf miner damage or were incomplete, or leaves that were affected by symptoms of other diseases, were not used. A total of 200 were photographed using a 6.5 megapixel Canon EOS 10D digital camera (24-85 mm AF lens). The image analysis software Assess (American Phytopathological Society, St. Paul, MN) was used to count lesion number (LN) and measure area displaying necrosis (%N) and chlorosis+necrosis (%CN) on a leaf-by-leaf basis. Details of the process of image analysis of canker specimens have been described previously (5, 6) . Image size was standardized and printed (8.25 × 5.70 cm) and approximately reflected the size of the leaf, with six images per page. Each of the images was assessed once visually by each of 28 raters and individually using image analysis for LN, %N, and %CN. The data from the image analysis assessments were assumed to be the true values, against which all rater results were compared for agreement (424).
Five of the raters were plant pathologists (PPs), experienced in the identification and assessment of severity of citrus canker. The remaining 23 raters were surveyors of the CCEP and not plant pathologists (NPPs), trained in the identification of citrus canker but with no formal training in disease severity assessment. Assessments were made individually, with no formal resting period, although brief breaks of a few minutes could be taken. In addition to rating disease, each individual provided additional data including age, gender, years of college, years as a graduate student, time spent as canker surveyor/plant pathologist, days of training on canker, whether canker had been seen in the field and when it was last seen (days), the number of days training in other pest and disease identification and assessment, test score ratings from the CCEP internal tests on canker identification, and duration of the assessment period. None of the plant pathologists involved had taken the CCEP internal tests and were thus omitted from that part of the analysis.
Data analysis. Data were analyzed using SAS (SAS Systems, Cary, NC). Regression analysis (PROC REG) was used to estimate the relationship of the different raters to the true disease (5, 6) . A number of single-(y = a + bx) and two-factor (y = a + bx + cx) models were tested to investigate whether area and/or lesion count influenced the relationship by incorporating different combinations of the independent variables lesion count (L), log e L, √L, % area necrotic (%Nec), log e %Nec, √%Nec, % area necrotic+chlorotic (%Nec+Chl), log e %Nec+Chl, √%Nec+Chl (38) . Heteroscedasticity of the data was tested using the Breusch-Pagan test, which is an analysis of the residuals of the fitted regression model. In addition, the slope, intercept coefficient of variation, and coefficient of determination were calculated, and residual plots were graphed to assess the fit of the regression solutions (31, 35) . Furthermore, to test for effects of lesion number and area on any tendency to over-or underestimate disease, various two-and three-factor models were tested as described above to investigate the relationship between the ratio of rater estimate:true disease and true disease (38) .
Characteristics of agreement (precision and accuracy, 26) of the disease assessments to true values were investigated for individual raters and mean assessment data (for LN, %N, and %CN) and rater groups (PPs and NPPs). Correlation analysis (PROC CORR) was used to assess precision of raters in relation to the true disease measured using image analysis, and indicates variability associated with the estimates. Lin's concordance correlation coefficient (5, 25, 26, 29) provides a quantifiable method to test agreement with a known true value (in this case that measured using image analysis). The coefficient (ρ c ) is the product of elements of precision (correlation coefficient, r) and accuracy (C b ). C b is a generalized bias correction factor that measures accuracy and comprises two measures that account for scale or slope shifts (coefficient υ, with a perfect relation of 1 between X and Y) and a location or elevation shift (coefficient µ, where 0 is a perfect relation between X and Y).
Correlation analysis was used to determine association between rater ability to estimate disease and various rater characteristics (rater age [ there is a significant class (g) effect, the two groups have different elevations but the same slope. All individual data from each group were compared. The precision of the estimates was also compared using the coefficient of determination (r 2 ) of the regression.
The absolute error (estimate minus true disease) and relative error (absolute error ÷ true severity × 100) were calculated for the mean estimate at each true severity (or lesion number) to explore how true disease severity was related to error.
RESULTS
The mean, minimum, and maximum data for each of the raters provide an overview of the characteristics of assessment in relation to the true data ( Table 1) . The mean true LN by image analysis was 12.3 (range 0 to 102), for %N 1.6% (range 0 to 8.6%) and for %CN 6.6% (range 0 to 36.7%). The mean rater LN was relatively consistent (9.0 to 13.6), with the rater mean of %N (1.4 to 9.7%) and %CN (2.0 to 15.7%) being less good. The range of data estimates by raters for the three variables also shows LN to be most consistent (range 0 to 117), %N the least consistent (0 to 70%), and %CN (0 to 90%) compared to the ranges for the true data (0 to 102, 0 to 8.6%, and 0 to 36.7%, respectively). The highest mean estimate of lesion number was made by rater 8 (13.6), of %N by rater 25 (9.8%), and of %CN also by rater 25 (15.7%). The lowest mean estimate of lesion number was made by rater 7 (9.0), of %N by rater 13 (1.4%), and of %CN also by rater 13 (2.0%).
The frequency distributions of both the true values and the estimates for the 28 raters are variable for LN, but both %N and %CN show a tendency to rate disease as more severe than it actually was, with more leaves rated in the higher disease severity categories compared to the true disease (Fig. 1) . Among raters there was a variable tendency to over-or underestimate lesion number, but this was relatively mild, and most raters got at least 30% of the assessments correct ( Fig. 2A) . In contrast, estimates of %N showed that virtually all raters drastically overestimated disease over the range of true disease, with only raters 13 and 22 showing a tendency to underestimate (Fig. 2B) . Among raters there was a lesser tendency to overestimate disease for %CN, although raters 13 and 22 also underestimated %CN to a greater degree (Fig. 2C) . Overall, some raters (e.g., raters 1 and 14) had almost equal over-and underestimation of %CN.
Counts of LN were described by single factor linear regression. The regression analysis ( Table 2 , Fig. 3A) showed that of the 28 raters, the coefficient of determination for 27 of them exceeded 0.90 (all 28, r 2 = 0.85 to 0.98). The coefficient of variation for the regression was variable depending on rater (CV = 20.1 to 54.3). The Breusch-Pagan test showed all raters estimates, and the mean values were heteroscedastic. Agreement measured with Lin's concordance correlation coefficient, ρ c (Fig. 4) , was good (0.88 to 0.99). The components of accuracy, υ (slope) and µ (height or location), ranged from 0.72 to Relationship between true lesion number and true area infected for % area necrotic was y = 0.113x, and for % area chlorotic+necrotic was y = 0.457x. Regressions were drawn assuming number of lesions was 10 per 1.1% area infected, and 60 per 6.8% area infected, and for % chlorotic+necrotic was 10 per 4.6% area infected and 60 per 27.4% area infected, respectively. Zero values were not included in these models. Parameters of individual regression solutions and models are given in Tables 2 to 4. 1.19 and from -0.24 to 0.07, respectively, suggesting some loss of accuracy with some raters due to slope and height shifts, but the bias correction factor, C b , was consistently high (C b = 0.92 to 1.00), showing overall good accuracy. Precision was generally good for all raters and the mean value (r = 0.92 to 0.99). The mean estimate of LN from all 28 raters (Fig. 3B ) had no scale shift (υ = 1.00) and a negligible height shift (µ = 0.03; C b = 1.00, ρ c = 0.99), demonstrating how the mean estimated values were in excellent agreement with the true data.
A two-factor model best described estimates of %N and %CN, which incorporated the effect of true percent area infected and true LN. For most raters, LN had a significant effect on estimates of the area infected (Tables 3 and 4 , Fig. 3C relation coefficient showed poorer agreement with true values for estimates of %N compared to %CN (Fig. 5A, B, and C Fig. 3D ) and 0.95 for %CN (Table 4 , Fig. 3F ) with agreement (ρ c ) being 0.55 and 0.96 for %N and %CN (Fig. 5) , respectively, showing the mean estimates for %CN were in better agreement with true values than those of %N.
Higher lesion numbers for a given leaf area infected generally resulted in overestimation, and low true disease severity caused greater overestimation for most raters. This was true for both %N and %CN (Table 5 , Fig. 6A and C) . A twofactor model incorporating log e A and log e LN best described this relationship and gave higher coefficients of determination compared to other single or two-factor models (for %N r 2 = 0.03 to 0.65 and for %CN r 2 = 0.04 to 0.67, respectively). Four raters did not appear to be influenced by lesion number in estimations of %N (raters 3, 9, 24, and 28) or %CN (raters 1, 9, 24, and 28). Certain raters apparently had fairly constant estimation bias over the severity estimated ( Fig. 6B and D) , and at least one of the raters tended to overestimate more with increasing lesion number and severity (rater 6).
The variance describes the degree to which the data are "spread out", and the log variance of the mean data from these rater assessments showed a linear relationship with log true disease (Fig. 7) for lesion number (r 2 = 0.71), %N (r 2 = 0.85), and %CN (r 2 = 0.88). The variance of the mean estimate increased as true disease increases over the range in this study. A log-log plot of this type is a linearization of the true relationship which is curvilinear between magnitude of the true disease in this study. Furthermore, direct estimation of the area showing symptoms led to the phenomenon of individuals tending to prefer the estimate of disease above about 10% being rated to the nearest 5 or 10% presumed area infected, which is reflected by the frequency of severity estimates falling on 10, 15, 20, 25, 30, 35, etc. percent infected for %N and %CN (Fig. 8B  and C) . Below 10%, raters appeared comfortable estimating to the nearest 1%. This knotting of estimates was not noticeable in counts of LN (Fig. 8A) .
The t test found no effect of gender on any of the variables tested. Correlation analysis found no significant association between the estimates of mean disease, standard deviation, variance, scale (υ), or locational (µ) shifts, C b , ρ c , or the correlation coefficient between true and estimated severity for each rater versus rater age, years of education, time worked as a surveyor, number of days training in canker identification, recency of canker find, days of other plant pest and disease identifica- GLM analysis to test whether rating was the same by PPs and NPPs showed LN, %N, and %CN were rated differently by the two groups (Table 6 ). Both PPs and NPPs gave reasonably precise estimates of lesion number (r 2 > 0.92 and 0.94, respectively), but for estimates of %N and %CN, the PPs were consistently more precise (%N and %CN, r 2 = 0.61 and 0.73, respectively) compared to NPPs (%N and %CN, r 2 = 0.45 and 0.58, respectively). Estimates of the intercept and slope showed that the slope for estimates of %N by PPs (1.18) was closer to 1 compared to that of NPPs (2.27). However, for estimates of %CN, the slope for NPPs was 0.97, compared to 0.74 for the PPs. The association among symptom types (Fig. 9 ) measured by image analysis showed that LN versus %N was least strong (r 2 = 0.68), followed by LN versus %CN (r 2 = 0.73), and best between %N and %CN (r 2 = 0.91). In general agreement with this, there was a relatively poor association between estimates of LN and %N for most raters (r 2 = 0.31 to 0.81), except a Linear regression where the model y = a + bA + cLN represents % leaf area chlorotic+necrotic, where A is the true % leaf area chlorotic+necrotic, LN the true lesion number, and a, b, and c are constant parameters. Actual lesion number/area measured with image analysis, mean = average of all 28 raters. r 2 = coefficient of determination, CV = coefficient of variation of the regression. ***, P < 0.001; **, P < 0.01; *, P < 0.05. Breusch-Pagan (B-P) test checks for heteroscedasticity. pp indicates trained plant pathologists.
rater 22 who showed a good association between estimates of LN and %N (0.97). Similarly, between LN and %CN, most raters had coefficients of determination from 0.47 to 0.86, except rater 22 who again showed a good association between LN and %CN (r 2 = 0.96). The relationship between estimates of symptoms of %N and %CN tended to be better and certain raters showed a good association, with 12 raters having an r 2 > 0.90 (overall range 0.48 to 0.99). The relationship among symptom types depended on ability of a rater with each symptom. Rater 19 overestimated both %N and %CN, resulting in a strong coefficient of determination between these estimates (r 2 = 0.96). On the other hand, rater 1 showed a much greater tendency to overestimate N compared to CN, and this resulted in a relatively poor relationship between estimates of the two symptom types (r 2 = 0.65). Thus, relationships among estimates of components of disease symptoms can reflect the rater's ability and not necessarily the actual relationship defined by comparing measurement of true disease taken using a system like image analysis.
The absolute error for mean lesion number differed up to +/-15 lesions, but the majority of mean counts were within 5 lesions of the true count (Fig. 10A) . The absolute error increased only slowly with increasing lesion number. However, the relative error was much greater (up to approximately 100%) with some counts of low lesion numbers. The relative error rapidly declined with increasing true lesion number and showed no noticeable bias toward under-or overestimation. The absolute error of the %N (Fig. 10B ) increased up to the maximum area infected (8%). The relative error was mostly positive and dramatic at severity <4% (up to approximately 700% overestimation), and it remained a positive relative error up to 8%, in keeping with the tendency to overestimate disease at low severity. The %CN (Fig. 10C) showed an increase in absolute Table 5 . Regression analysis of the relationship between the ratio of the perceived disease area:true disease area and true disease area for symptoms of citrus canker on 200 grapefruit leaves for 28 raters for % area necrotic and % area chlorotic+necrotic a % area necrotic % area chlorotic+necrotic a Regression analysis where the model y = a + bA + cLN represents % leaf area infected, where A is the true % leaf area infected, LN the true lesion number, and a, b, and c are constant parameters. Actual lesion number/area measured with image analysis, mean = average of all 28 raters. r 2 = coefficient of determination, CV = coefficient of variation of the regression. ***, P < 0.001; **, P < 0.01; *, P < 0.05. PP indicates trained plant pathologists. Relationship between true lesion number and true area infected for % area necrotic, y = 0.113x, and for % area chlorotic+necrotic, y = 0.457x, respectively. Regressions were drawn assuming number of lesion for % area necrotic was 10 lesions per 1.1%, and 60 per 6.8% area infected, and for % area chlorotic+necrotic was 10 lesions per 4.63% area and 60 per 27.4% area, respectively. Zero values were not included in these models. Parameters of regression solutions and models are given in Table 5 .
error to approximately 8% area infected (maximum true area infected was 37%), and although the error increased, it became more balanced around zero at true severity >8%. Like %N, %CN tended to be overestimated at severity <8%. The relative error for %CN was almost exclusively positive and dramatic at severity <8% (up to approximately 570%), but at severity >10% it was relatively small with both over-and underestimates.
DISCUSSION
The estimates of disease by raters were all direct and unaided. Despite the assessors being familiar with the symptoms of citrus canker, they showed a wide range of ability to estimate severity. However, the only parameters related to ability to assess disease were some measures of the CCEP identification test score. There was no other association between the various characteristics of the assessors and their ability to assess disease. Training and the use of standard area diagrams are known to improve ability to assess disease, as is time taken to assess the disease (3, 31, 33, 35) . Higher CCEP test scores might reflect an innate visual ability of those raters, which helped with disease assessment. Otherwise age, gender, years of experience, time taken to complete assessment, or any other factors did not appear to affect error or ability to assess disease accurately and precisely. The ability to directly estimate disease severity may be a subtle trait related to inherent visual competencies that vary from individual to individual and not necessarily related to factors chosen in this study.
PPs and NPPs differed in assessment of all three symptom types. Although different, the parameters showed both groups counted lesions accurately: straightforward counts are likely to be much easier than estimates of area infected, as previously shown by Bock et al. (5, 6) . Differences between experienced and inexperienced raters have been observed (28) , and PPs were more accurate and precise estimating %N compared to NPPs but less accurate (although more precise) estimating %CN ( Table 6 ). Trained PPs might be more consistent and show a lesser tendency to over- Fig. 8 . Frequency of knots with 28 raters assessing 200 leaves for A, lesion number, B, % area necrotic, and C, % area chlorotic+necrotic. Arrows mark "knots" (at intervals of 5%) where raters appear to prefer specific values when estimating area, but not count.
Fig. 7.
Relationship between A, log variance of rater counts of lesion number and log true lesion count, B, log variance of rater estimates of % area necrotic and log true % area necrotic, and C, log variance of rater estimates of % area chlorotic+necrotic and log true % area chlorotic+necrotic. Variances of rater estimates are each based on a total of 28 individual rater estimates of the severity of disease on each of 200 leaves.
estimate disease severity <10% compared to NPPs, and thus show better agreement over this range of disease severity. Why PP estimates of %CN were less accurate (slope = 0.74) compared to NPPs (slope = 0.97) was less clear. However, the number of representatives in each group was different, with only five of the 28 raters being PPs, so the range of ability for NPPs was doubtless better represented in this study and might have resulted in a more accurate NPP mean estimate. The mean estimates for all 28 raters also indicated estimation ability for symptoms types and common sources of error. Lin's concordance correlation coefficient showed the individual estimates of LN were so precise and accurate that there was little improvement in precision or accuracy when the individual data were averaged (Fig. 4) . The average of all 28 rater estimates for %N and %CN had improved precision (Fig. 5 ) compared to most individual raters, but only mean %CN appeared to show better accuracy (C b ) compared to most individual raters. Thus, precision was the most improved by averaging the 28 individual rater percent area estimates for each leaf. The observation that accuracy of percent area estimates did not improve as much as precision probably indicates a common and consistent source of error among raters-such as the tendency to overestimate at true disease severities <10% (6, 38) , particularly obvious considering the scale and location shifts for %N.
Individually, the 28 raters varied in agreement of the estimates to the true values as demonstrated by the correlation coefficients, coefficients of determination, slope parameters, and parameters from Lin's concordance correlation analysis. Estimates of citrus canker severity made by all raters showed that error was least when dealing with counts of lesion number, followed by estimation of %CN, and least good when estimating a subcategory of symptoms-the %N alone (although values of %N were low and in the range known to result in maximum error when visually rated, 38). Counts of lesions are straightforward and had least error associated with them, but they take longer to perform, particularly when numbers are higher, compared to estimating area. As seen in a previous study (5), each rater was Table 6 . General linear modeling analysis a and regression of the relationship between the individual estimates (and mean estimates) and true disease by a group of plant pathologists (PP) trained in disease severity assessment compared to a group of citrus canker survey personnel (NPP) not trained in disease severity assessment procedure a Analysis performed on individual estimates and mean estimates of groups. Mean data are in parentheses. Group size for plant pathologists n = 5, and for surveyors n = 23. P > F. ***, P < 0.001; **, P < 0.01; *, P < 0.05. Regression analysis performed on all individual data for each group, r 2 = coefficient of determination. b Slope, test for interaction of class*regressor, P > F (mean data in parentheses). c Regression model y = a + bx. unique, but there were some trends and tendencies that were common among them and have been noted before (5, 6, 29, 31) . Among individuals, there was a marked tendency to overestimate %N and %CN, particularly over the range 0 to 8%. Furthermore, greater lesion number at a given true area most often resulted in overestimation of the area infected. These effects of lesion number have been commented on (1, 6, 29, 38) , and considering the number of raters in this study, appear to be common traits in visual assessment of citrus canker. Individuals varied in ability and pattern for all sources of error, making it virtually impossible to effect a universal panacea for error in estimates of disease severity (19, 30) . However, the relationship between true and estimated disease was consistently linear for all raters and measures of disease and in agreement with most other reports (29, 30) .
There was not a particularly strong relationship between LN and %N or %CN, although the two measures of percent area infected did show a moderately good relationship. This was true for both the true data from image analysis and the data based on rater estimates. Previously observed (5) reasons might include the density of lesions which could affect actual size, age of lesions, and actual leaf area. The fact that the relationships between the true measures showed the same trends confirmed that the mediocre relationships between lesion number and area were not an artifact of the assessors, and makes the point that choice of symptoms assessed should be made relevant to the needs of the study.
Virtually all direct estimates of disease were heteroscedastic-at least over the range of true disease in this study. The residual errors of the estimates were not constant with increasing magnitude of true disease. This lends credence to some observations that variance is not constant with true disease (6, 10, 15) . Counts of greater lesion numbers might be more error prone as lesions become more crowded and coalesce, so differentiation becomes more subjective and loss of concentration more likely, resulting in greater error. Estimation of area is subject to error, and when unaided by standard area diagrams or specific training, the error is likely to be greater (3, 5, 6, 31, 35) . In addition, the raters appeared most willing to estimate to the nearest 1% when true disease is below 10%, but at severities >10% they tended to prefer estimates to the closest 5 or 10% (15, 20, 25, 30, 35%, etc.) . The tendency to prefer "knots" has been observed before (5, 15, 22, 35) . The psychophysical factors that influence estimates of diseased area are poorly defined. Many psychophysical phenomena have been reasonably characterized using various standard methods (2,9,16,30,39,40 ), but psychophysical tests have yet to be applied to the perception of plant disease severity across the complete range of disease (0 to 100%), although a limited study has been done (30) . Furthermore, several studies suggest variance of the estimate is somewhat consistent between 25 and 75% disease (10, 30) , but variance appears to be of lesser magnitude with decreasing disease (5, 6, 10, 15) , although at least one study found little effect of true disease on the error associated with the estimate (29) . In the current study, variance of the disease increased with true disease in a curvilinear fashion up to 25%, above which severity the data were sparse. It remains for these relationships to be fully resolved.
While area estimates of less severe disease generally had low absolute error, estimates of disease severity less than 10% area have a large relative error. Absolute error increased with true disease severity (counts of LN were least error prone), and the pronounced tendency to overestimate disease area for %N and %CN at <10% true area is likely due to illusion in area estimation already noted in this study. At severity above 10% area, there was a small, almost equal tendency to over-or underestimate %CN. The high relative error associated with estimates of low disease has ramifications for the use of these data, and also the value of training or the use of standard area diagrams in disease assessment. There is an argument for improvement in ability to estimate disease at low severity, as many leaf spotting diseases occur at <35% (24) .
These data show the range of abilities at estimating parameters of citrus canker severity among individuals familiar with the disease, but with different training and experience of estimating the area infected. The true data were generated using image analysis on a leaf-by-leaf basis. Image analysis also has potential for measuring disease severity automatically (27) . However, disease assessment by raters will remain a very important way of assessing most diseases, and as we fully understand the relationships and sources of error, the Fig. 10 . Relationship between true disease and absolute and relative error for mean estimates A, rater counts of lesions, B, rater estimates of % area necrotic, and C, rater estimates of % area chlorotic+necrotic on 200 leaves infected with citrus canker assessed by 28 raters. development and targeting of training will be enhanced.
